Lung cancer exhibits the highest mortality rate of all malignant tumors, and only a minority of non-small cell lung cancer (NSCLC) patients are diagnosed with localized, early stage tumors. Unfortunately, NSCLC is usually detected at advanced and inoperable stages. Tumor biomarkers can detect early stage lung cancer independently or in combination with low-dose computed tomography-based screening techniques. A liquid biopsy is a noninvasive modality for the pathological and molecular characterization of cancer, and it can be isolated from bodily fluids. There are a variety of biological elements that can be isolated from the peripheral blood, such as exosomes, circulating cell-free (tumor) DNA, circulating tumor cells, and microRNA. A liquid biopsy can be used to detect somatic mutations before treatment and dynamically during treatment, and to monitor the treatment response. It can also be used for minimal residual disease quantification, and to determine the emergence of therapy resistance. Despite the numerous research studies showing successful results, clinically available lung cancer biomarkers do not have sufficiently high specificity and sensitivity for widespread use. Therefore, universal experimental and therapeutic research regarding advanced molecular diagnostics has become necessary.
Introduction
Lung cancer is one of the most frequently diagnosed cancers, and it is the number one cause of death due to cancer worldwide [1] . Non-small cell lung cancer (NSCLC) constitutes approximately 85% of all lung neoplasms. NSCLC patients with pathological stage IA tumors have a 5-year survival rate of 73%, while stages IIB and IIIB have rates of 36% and 9%, respectively. Unfortunately, the long-term lung cancer survival rate currently remains low, because the majority of the cases are detected at advanced and inoperable stages of the disease [2, 3] . Even in cases of complete surgical resection, the 5-year survival probability is unsatisfactory [4, 5] . Following patients with thorax computed tomography (CT) scans every 6 months for the first 2 to 3 years after a complete surgical resection has been recommended by the National Comprehensive Cancer Network guidelines [6] . However, recurrence or metastasis occurs in approximately 30%-70% of all complete resection cases [7] . The leading cause of death in cancer patients is metastasis, in which malignant cells spread the primary tumor to distant organs through the blood circulation via a multistep process [8] . A delayed diagnosis and the lack of reliable biomarkers are the main reasons for lung cancer detection in the advanced stages and its high mortality rates [9] .
Biological elements are secreted from cancer cells into their microenvironment in order to promote oncogenesis, and to protect themselves from the immune system [10] . A liquid biopsy is a noninvasive strategy for the pathological and molecular characterization of cancer, and it can be isolated from bodily fluids, such as the peripheral blood, cerebrospinal fluid, pleural fluid, urine, and saliva [11, 12] . In this review, we will discuss the roles of liquid biopsies in lung cancer, while evaluating the potential biomarkers for early detection, residual disease monitoring, and the treatment response.
Early lung cancer detection
Significant efforts have been made to determine new screening methods for early lung cancer detection, early treatment, and survival improvement [13] . In a highrisk population, the most commonly used lung cancer screening and early detection method is thoracic lowdose CT (LDCT). This method was recommended by the National Lung Screening Trial, which demonstrated the LDCT efficacy for detecting lung cancer, resulting in a 20% reduction in patient mortality when compared to those patients screened using conventional chest xrays [14, 15] . However, there are many LDCT screening limitations, and, as an inefficient diagnostic tool, it has a high false positive rate of 96.6%. These false positives can lead to excessive medical care, unnecessary invasive diagnostic procedures, increased deaths from avoidable surgeries, and psychological overload [16] . In addition, LDCT is associated with recurrent radiation exposure, which can lead to the development of radiation-induced lung cancer [17] .
Tumor or cancer biomarkers can be used to detect early stage lung cancer independently or in combination with the LDCT-based screening techniques used for selecting high-risk patients to undergo further diagnostic examinations. They can help increase the proportion of complete surgical resections, which is the most effective curative therapy for local tumors [18] . In order to be as effective as a clinical or early diagnostic device, the biomarker must be present in the bodily fluids, be measurable and reliable, and show a high sensitivity and specificity to the disease being studied [19] . Despite the numerous screening outcomes with successful results, the clinically available lung cancer biomarkers do not have sufficiently high specificities and sensitivities for widespread use [20] .
Lung cancer diagnosis
Although a tumor tissue biopsy is the most reliable method for diagnosing cancer in clinical medicine, it is an invasive procedure, it is often unattainable, and it has various limitations in clinical practice [11, 21] . A conventional needle biopsy, bronchoscopy, thoracentesis, or other invasive method is required to obtain a sufficient number of samples, depending on the disease site. This usually provides inadequate material, and it represents a single snapshot of the tumor. When the tissue obtained is sufficient for a histopathological analysis, a definitive diagnosis is more likely. However, even if a sufficient biopsy can be obtained, it is an unreliable method in cases of heterogeneous and continuously evolving tumors, because it increases the patient's risk and discomfort when collecting repetitive samples [21, 22] .
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It is always difficult and sometimes impossible to obtain tumor tissues from patients in order to monitor the tumor dynamics, because most diagnostic procedures are invasive, and the patients dislike repeated approaches. In addition, tumor heterogeneity is subject to selection bias. Moreover, especially for patients suffering from a relapse after receiving chemotherapy or targeted therapy, the original somatic mutation may change [15, 23] . Nosaki et al. [24] reported that the rebiopsy rate using an invasive method had overtaken that of the initial biopsy rate (7.8% vs. 1.8%). The median rebiopsy duration was 12.5 days, suggesting that cooperation between the surgical and radiology departments is mandatory. A rebiopsy can expose a patient to a greater risk of complications and delayed results; therefore, the use of noninvasive diagnostic procedures can avoid causing additional distress to the patient [22] .
Potentially, a liquid biopsy could be used for a variety of clinical and investigational applications, and lately, the literature has shown that it is a reliable method for the noninvasive evaluation of tumor-specific biomarkers [25] . A liquid biopsy has several advantages, such as its feasibility for collecting multiple specimens at various points before and during treatment, heterogeneous resistance mechanisms, and wider representation of the entire genomic landscape by monitoring tumor genomic changes over time (including the primary tumor and multiple metastatic sites) [11] . When detecting a mutation in a liquid biopsy, one cannot say conclusively that it belongs to the lung mass seen in the imaging. However, although these mutations cannot be distinguished from a second primary metastatic malignancy, they can strengthen the diagnosis of primary lung cancer [26] .
There are a variety of biological elements that can be isolated from the peripheral blood, including exosomes, cell-free DNA/circulating tumor DNA (cfDNA/ctD-NA), circulating tumor cells (CTCs), and microRNA (miRNA). Additionally, a liquid biopsy also includes tumor-educated platelets (TEPs), tumor-associated antigens (TAA), and tumor-associated autoantibodies (TAAb) [8, 12, 27, 28] . The ctDNA certainly represents the most experiential element of a liquid biopsy in clinical practice with regard to lung cancer patients. Both ctDNA and exosomes carry many characteristics of the tumors from which they arise. They have provided promising results as biomarkers, and they preserve much of the valuable molecular information [29] . However, there are many difficulties associated with this approach, such as the presence of small amounts of secreted tumor components, short half-lives, cell/DNA fragmentation, high tumor cell mutation variation, and tumor source identification failure [30] .
a. Exosomes
Exosomes (also called extracellular vesicles) of 40-100 nm in size were first discovered by Johnstone et al. [31] in 1987, and they have been described as microvesicles with 5'-nucleotidase activity. They are produced from multivesicular bodies and released from neoplastic and other cells into the extracellular space and a variety of bodily fluids [32] . Exosomes consist of lipids, proteins, and nucleic acids (DNA, as well as coding and noncoding RNA) from tumor cells, and indicate many tumor characteristics, such as the status of the cells from which they originate and the cellular mechanisms that they engage in [33] . Being relatively stable, they are ideal candidates for liquid biopsy diagnoses [34] . Exosomes play important roles in the proliferation of cancer cells, along with their primary duty in exosome-mediated communication within the tumor environment by transferring biomacromolecules to targeted cells modulating the activities of the recipient cells [34, 35] .
Exosomes can be selected with the presence of specific protein markers, such as the tetraspanin proteins CD63, CD9, and CD81, and they can also be extracted from body fluids by normal density-gradient centrifugation or ultracentrifugation and visualized by transmission microscopy [12, 36] . Rabinowits et al. showed that the circulating tumor exosome levels (exosomal small RNA and exosomal miRNA specific for lung adenocarcinoma) were higher in lung adenocarcinoma patients when compared to a healthy group [37] . Therefore, one might obtain information about a disease's pathology and prognosis through the exosomal miRNA's diseasespecific gene signature [38] .
Exosomal miRNA is enriched in the circulatory system, and it is protected from RNase degradation, when compared to the circulating miRNA. When the exosomes are extracted, the contents (miRNA) can be investigated using different techniques, including the reverse tran-scription polymerase chain reaction (RT-PCR), sequencing, Western blot, or enzyme-linked immunosorbent assay (ELISA), for somatic mutation, splice variant, gene fusion, and gene or protein expression profiling. As a potential diagnostic biomarker and important mediator of drug resistance, exosomal miRNA has been investigated broadly in lung cancer cases [39] .
Jin et al. [40] demonstrated a unique pattern of expression between stage I adenocarcinoma and squamous cell carcinoma (SCC) patients paired with healthy individuals. They used miRNA sequencing to extensively profile tumor-derived exosomal miRNA, and the miRNA profiles showed sensitivities of 80.65% and 83.33% and specificities of 91.67%, and 90.32% for the adenocarcinoma and SCC diagnoses, respectively. Based on these results, one can conclude that for diagnosing NSCLS at an early stage, miRNA is a highly sensitive, noninvasive, and promising biomarker.
Despite the promising results mentioned above, different cell types can release exosomes; therefore, an exosomal miRNA clinical application for an early NSCLC diagnosis is challenging. Other bodily fluids, including pleural effusion, can be used to isolate exosomes in cancer patients [41] .
b. cfDNA /ctDNA
Mandel and Metais discovered the presence of circulating cfDNA in the late 1940s [42] . Small fragments of DNA are secreted into the blood circulation from every living cell, and the mechanisms of an increased ctDNA concentration include apoptosis and necrosis, as well as the lysis of viable tumor cells [43] . cfDNA is described as any DNA that is freely circulating in the blood, while ctDNA is the proportion of cfDNA that is specifically released from tumor cells [44] . Because of the ctDNA's tumor specificity, it can provide a real-time evaluation for specific mutations and diagnostic and prognostic assessments [45, 46] . Between malignant and benign diseases, there is a significant difference in the circulating DNA plasma concentrations [47] . Leon et al. [48] discovered that the cfDNA occurred at a much higher level in the blood of cancer patients. After the discovery of ctDNA, a liquid biopsy analysis has become a noninvasive method to diagnose and monitor tumor evolution over time in clinical practice. Cancer patients are of specific interest for exploring the potential of liquid biopsy substitutes for tissue biopsies, because ctDNA detection can mitigate the need for invasive tissue biopsies [12] . A liquid biopsy can also be used to monitor changes during the natural course of the disease or during cancer treatment with the ease of repeated blood sampling [49] .
Before its application, there are several challenges, including the major challenge of determining the sensitivity and specificity of ctDNA detection due to its scarcity in the blood when compared to the cfDNA from normal cells [50] . Some studies demonstrated that the quantification and analysis of the cfDNA in the blood during the early disease stages was challenging due to the very low concentration (approximately 0.01%-1%) of the ctDNA fraction [51] . The traditional ctDNA analytic approaches can be broadly divided into amplification and sequencing-based methods. Moreover, highly sensitive blood-based assessments have been developed and used extensively to test the cfDNA at very low concentrations in order to detect ctDNA point mutations. These consist of polymerase chain reaction (PCR)-based techniques [digital PCR, droplet digital PCR, real-time quantitative PCR (qPCR), and peptide nucleic acid clamp-based PCR], beads, emulsions, amplification, and magnetics (BEAMing), pyrophosphorolysis-activated polymerization, and next-generation sequencing technologies. Unfortunately, the methods based on DNA amplification cannot be applied as routine diagnostic tools, because they are time-consuming, expensive, and require large-volume samples (> 5 ml) [51, 52] . Hu et al. [53] reported the use of nanomaterials as biosensors in patient serum samples for ultrasensitive ctDNA detection. With this strategy, the treatment responses and patient monitoring both during and after treatment have shown promising results.
Other studies have demonstrated elevated ctDNA levels in cancer patients, as well as the correlation of these levels with the tumor disease burden, tumor response, and survival outcome [54, 55] . One study about cfDNA quantification showed that the plasma DNA concentration, as determined by the qPCR of the human telomerase reverse transcriptase gene, was almost eighttimes higher in the patients with lung cancer than in the patients with cigarette smoking histories and those at high risk for lung cancer development. Therefore, for patients with a higher risk, this assay is an extremely sensitive and specific noninvasive approach [55] . Newman et al. [56] also determined that the cfDNA levels were significantly correlated with the tumor volume, and that it is possible to detect disease progression earlier when using them than when using radiological approaches. However, if the structure of the tumor tissue and the expected mutations are not known in advance, the role of cfDNA genotype scanning for somatic mutations remains unknown.
c. Methylation
Some studies have reported that tissue-specific DNA can be identified using the methylation information of the circulating DNA. Methylation-based epigenetic markers are promising for the early detection of lung cancer [57, 58] . DNA methylation is necessary for a living cell to function, and it is a naturally occurring process. However, because DNA methylation can also occur in the normal tissue surrounding the tumor, the specificity of methylated DNA as a biomarker may be low [11] .
Hypermethylation has been shown in cancer patients, and it functions via gene alteration regulation to promote carcinogenesis [59] . Methylated DNA is remarkably stable, it generally exists during the early stages of carcinogenesis, and it can be found in different bodily fluids [59, 60] . Even though the epigenetic changes are not unique for any tumor, the methylation of promoter regions within the genomic cytosine-guanine islands leads to gene expression regulation and gene silencing [61] . Moreover, some tumor suppressor genes are frequently methylated and downregulated in specific tumors, which could be useful for determining the diagnosis and prognosis [61] . In 2010, Bailey et al. [62] revealed an efficient and reproducible method for detecting methylation markers from small quantities of DNA in the circulating blood.
d. CTCs
Ashworth described the presence of CTCs in the bloodstream of cancer patients for the first time in 1869 [63] . CTCs are detached from primary tumor sites and/or metastatic sites to circulate in the bloodstream, where they can be found as either single cells or clusters, and they contribute to cancer progression and metastasis development. CTCs are closely associated with the tumor size, progression, metastasis, relapse, and prognosis [64, 65] . Some previous studies have suggested that CTCs could be used as biomarkers for determining the prognosis and predicting and monitoring the treatment response [65, 66] . When compared to ctDNA, a CTC analysis provides the opportunity to study whole cells that contain DNA, RNA, and protein-based molecular profiling [67] .
Thus far, the only US Food and Drug Administration approved CTC detection system for prognostic purposes in metastatic breast, colorectal, or prostate cancer is CellSearch (Veridex, LLC., Raritan, NJ, USA) [68, 69] . In early diagnosis, CTCs can be missed because of their low concentration in the blood (1-10 CTCs per 10 ml), epithelial to mesenchymal transition, and downregulation of epithelial markers during progression [70] . Another antibody-mediated capture technology, the CTCchip, has detected CTCs in metastatic tumors, including lung cancer, at a rate of almost 100%, and in the peripheral blood of patients with solid tumors with approximately 50% purity [69, 71] . In lung cancer, different techniques have been used to detect CTCs and evaluate their roles; however, the clinical application of CTCs as predictive and prognostic biomarkers is still under investigation. Moreover, the value of CTCs in NSCLC patients has not yet been determined due to the lack of standardization for the current methods [72] .
e. miRNA miRNA is a small noncoding RNA gene product that ranges between 19 and 22 base pairs, which regulates gene expression by binding to specific targeted messenger RNA (mRNA) sequences. It plays a key role in modulating various cellular processes, including proliferation, cell migration, and apoptosis, and it has also been implicated in several pathological phenotypes. The most common cell-free RNA (cfRNA) molecule in the blood is miRNA [12, 73, 74] , which can be carried in exosomes, apoptotic bodies, protein-miRNA complexes, and TEPs [12] . miRNA serves as a tumor suppressor and oncogene in cancer cells [75] .
Different cancer types are associated with different miRNA expression patterns, and the structure of the miRNA in the circulating blood is similar to that of a primary solid tumor [76] . Indeed, the let-7 family is a novel biomarker for lung cancer [77] . In one study eval-uating miRNA as a potential biomarker for NSCLC, the diagnostic value of a plasma miRNA set, including miR-NA-21, miRNA-126, miRNA-210, and miRNA-486-5p, revealed 86.2% sensitivity and 96.55% specificity. Additionally, the study reported that altered expressions were previously confirmed in lung tumor tissues [78] . miRNA is highly stable in the blood, and thus, it may become an ideal biomarker for lung cancer detection [79] .
f. Other biomarkers
Many other biomarkers can be obtained from liquid biopsy samples, and these could be used for the early detection and screening of lung cancer. During the early stages of lung cancer, TAAs, such as the carcinoembryonic antigen, carbohydrate antigen (CA) 125, CA199, neuron specific enolase, and cytokeratin 19 fragment 21-1, are rarely released into the bloodstream. Because of their poor sensitivities and specificities, they cannot detect the various heterogeneous lung cancer types [80] . However, TAAbs, which are autoantibodies against overexpressed, mutated, misfolded, or aberrant autologous cellular antigens, are very stable, and they can be detected at high levels during the early stages of lung cancer [81] . Sullivan et al. [82] conducted the largest lung cancer screening program with 12,000 participants in Scotland. It consisted of a randomized controlled trial of patients at high risk of developing lung cancer, and it was run based on a 7-AAb panel.
Hemostasis is the main role of the platelets, but they may be a good platform for detecting rearrangements and for diagnosis, because, apart from hemostasis, they play outstanding roles in the systemic and local responses to tumor growth [83, 84] . Platelets take up the tumor-related RNA released from tumor cells via several microvesicle-dependent or independent mechanisms, resulting in TEPs [85] . In addition, platelets pass through specific pre-mRNA assembly in response to the activation of the platelet surface receptors, leading to a unique mRNA profile that could possibly be used for a cancer diagnosis [86] .
Postsurgical and treatment response monitoring
The standard method for analyzing the genetic changes in cancer tissue is a repeated tumor biopsy. However, this is an invasive and impractical technique that often results in an insufficient tissue sample [87] .
Recurrence and metastases may develop in approximately 30%-50% of NSCLC patients [88] . After surgery, routine biomarker monitoring using a liquid biopsy could reveal recurrence 1 to 2 years earlier than a radiographic screening, as well as reveal those who would benefit from certain therapy types (i.e. chemotherapy and radiotherapy) [89] . A liquid biopsy can be used to determine somatic mutations before treatment, and dynamically during treatment, enabling the quantification of the minimal residual disease and emergence of therapy resistance, as well as monitoring the therapy response. Recently, many studies have focused on dynamic CTCs/ctDNA monitoring to predict a relapse as soon as possible. The results have shown that the ctD-NA, with a higher sensitivity, was more favorable and reliable than the CTCs [11, 12, 90] .
Although the lung cancer survival rate is low, molecularly targeted therapies for gene alterations, such as the epidermal growth factor receptor (EGFR), anaplastic lymphoma kinase (ALK), and ROS1, have radically changed the treatment approach and prognosis of the disease [91, 92] . However, the long-term efficacy of these agents is limited by tumor heterogeneity, leading to multiple resistance mechanisms being developed during targeted therapy [92, 93] . In Turkey, gene sequence analyses for ALK, KRAS, BRAF, ROS1, EGFR, and MET using cfDNA are being conducted at the medical genetics departments of certain universities.
Lung cancer treatment has dramatically evolved over the last decade, mainly because of the clinical use of targeted and personalized therapies. Since lung cancer is a highly heterogeneous disease, certain patients do not respond to a targeted agent while having an activated oncogene, and some are faced with rapid disease progression, although they showed an initial objective response [94] .
In clinical practice, the plasma genotyping for EGFR sensitizing or T790M-mutations through cfDNA extraction can predict the response to EGFR and EGFR-tyrosine kinase inhibitor (EGFR-TKI) therapy, and it can monitor the resistance possibilities [95] . Approximately 50%-60% of the patients with EGFR mutations in exon 20 (T790M) exhibit progression while undergoing treatment with EGFR-TKIs due to therapy resistance [96] .
Tumors can resist autoimmune antitumor activity by modulating immune checkpoint inhibitors and immune checkpoint proteins, like programmed death ligand 1 (PD-L1) and programmed cell death 1 (PD-1) [97] . The expression of PD-L1 is elevated in many types of cancer, and it often goes along with the tumor mutational burden, suggesting a poor prognosis and predicting the response to targeted therapy drugs [98, 99] . A tissue biopsy shows only a snapshot of the PD-L1 expression, while a liquid biopsy has the ability to dynamically examine the whole molecular picture of the tumor tissue by using CTCs as a substrate for the analysis, because PD-L1 is a dynamic biomarker that can be induced by targeted therapy, chemotherapy, or radiation therapy [100] . Immunotherapy has become an effective approach for the treatment of NSCLC, and regulatory agencies in both the US and EU have already approved PD-L1/PD-1 immunotherapy [101] .
Fusion genes, which encode fusion proteins, generate noncoding RNA, and contribute to tumor progression, are caused by aberrant chromosomal translocations [102] . NSCLC cases exhibit the echinoderm microtubule-associated protein-like 4 (EML4)-ALK fusion gene at a rate of approximately 4%-5%. EML4-ALK translocation activates ALK-TKI and generates tumor proliferation, migration, and invasion [103] . Veldore et al. [104] recommended that targeted therapy could be used for 8%-10% of all the EGFR mutationnegative NSCLC patients who have translocations in EML4-ALK, ROS1-ALK, and KIP4-ALK.
Overall, it has become mandatory that universal experimental and therapeutic research regarding advanced molecular diagnostics be done to solve common resistance mechanisms with the development of next-generation agents.
As a conclusion, although a tissue biopsy is still the accepted standard for diagnosing lung cancer, a liquid biopsy can offer an alternative or supportive technique when a tissue biopsy is insufficient or unobtainable. The development of analytical technologies and the knowledge gained from large-scale sequencing projects have provided possibilities for individualized diagnoses and targeted drug treatments. Combining a liquid biopsy with a tumor biopsy could introduce additional qualifications toward improvements in NSCLC patient management. With the growing interest in molecular testing in every field of cancer, liquid biopsies have shown considerable promise for compiling precious information about cancer genetic alterations in almost real time. We strongly believe that there is an urgent need for biomarkers with high accuracy, which might improve early stage lung cancer detection, predict the treatment response, and anticipate tumor relapses that are not yet visible on imaging. In addition, they can provide a rapid and dynamic assessment of progressive resistance mechanisms.
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